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Abstract The timing and mechanisms involved in creating the elevated, low-relief topography of the
South African plateau remain unresolved. Here we constrain the thermal history of the Southwest African
plateau since 300 Ma by using apatite fission track (AFT) and (U-Th-Sm)/He (AHe) thermochronology. Archean
rocks from the center of the Kaapvaal Craton yield AFT ages of 331.0+ 11.0 and 379.0 £ 23.0 Ma and mean
track lengths (MTLs) of 11.9+0.2 and 12.5+0.3 um. Toward the southwest margin of the craton and in the
adjacent Paleozoic mobile belt, AFT ages are significantly younger and range from 58.9 + 5.9 to 128.7 + 6.3 Ma
and have longer MTLs (>13 pm). The range of sample AHe ages complements the AFT ages, and single-grain
AHe ages for most samples are highly dispersed. Results from joint inverse modeling of these data reveal that
the center of the craton has resided at near-surface temperatures (<60°C) since 300 Ma, whereas the margins
of the craton and the off-craton mobile belt experienced two discrete episodes of cooling during the
Cretaceous. An Early Cretaceous cooling episode is ascribed to regional denudation following continental
breakup. Late Cretaceous cooling occurs regionally but is locally variable and may be a result of a complex
interaction between mantle-driven uplift and the tectonic setting of the craton margin. Across the entire
plateau, samples are predicted to have remained at near-surface temperatures throughout the Cenozoic,
suggesting minimal denudation (<1 km) and relative tectonic stability of the plateau.

1. Introduction

Elevated, low-relief interior plateaus are a defining morphological feature of high-elevation continental mar-
gins [Bishop, 2007; Blenkinsop and Moore, 2013]. They are typically considered to be tectonically inactive hav-
ing experienced only limited deformation that is largely restricted to gentle, long-wavelength warping [e.g.,
Moore et al., 2009; Cloetingh et al., 2013]. The South African plateau is surrounded by classic high-relief escarp-
ment zones. It is arguably the type-example of a high-elevation continental margin, yet both its mode of for-
mation and its subsequent evolution remain controversial.

The mechanism that generated the high elevation of the plateau, and the timing of plateau formation, is at
the center of the controversy [e.g., Partridge and Maud, 1987; Brown et al., 2002; Braun et al., 2014; Rudge et al.,
2015; Green et al., 2016]. Insights from geodynamic models support the hypothesis that vertical stresses
imposed at the base of the lithosphere by the vertical component of mantle flow will induce significant uplift
(or subsidence for downwelling mantle) of the interior plateau [e.g., Gurnis et al.,, 2000; Moucha et al., 2008;
Braun, 2010; Forte et al., 2010; Flament et al., 2014]. It is also significant that recent thermomechanical models
that simulate the interaction between mantle convection and the overlying lithosphere suggest that brittle
deformation of the upper crust at short-wavelength scales may also occur in tandem with longer wavelength
(plume-induced) uplift of the lithosphere [e.g., Burov and Cloetingh, 2009; Guillou-Frottier et al., 2012; Cloetingh
et al., 2013; Koptev et al., 2015]. In addition to deformation arising from these vertical stresses applied at the
base of the lithosphere, horizontal stresses arising from plate boundary and plate kinematic changes may
propagate significant distances and drive local, brittle deformation and reactivation of pre-existing
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Figure 1. (top right) Location of the Bushmanland Plateau study area relative to Southern Africa. The grey shading indicates extent of the “on-craton” region, and the
brown shading indicates the “off-craton” region. KC = Kaapvaal Craton, NNMB = Namaqua-Natal Mobile Belt, CFB = Cape Fold Belt, KB = Kheis Belt, R =Rehoboth,
DMB = Damara Mobile Belt, OB = Okwa Block, MB = Magondi Belt, LB = Limpopo Belt, MMB = Mozambique Mobile Belt. (top left) DEM of Bushmanland Plateau study
area created by using SRTM90m data. The red line indicates craton boundary. (bottom) Elevation profile (dog-legged) showing the location of samples from this
study and from Wildman et al. [2015, 2016]. The light grey samples are those beyond a 50 km range either side of the section line.

structures within continental interiors [Daly et al., 1989; Janssen et al., 1995; Guiraud and Bosworth, 1997;
Fairhead et al., 2013; Viola et al., 2012; Pérez-Diaz and Eagles, 2014; Salomon et al., 2014, 2015].

Continental interiors are often centered around Archean-Paleoproterozoic cratons that are surrounded by
Mesoproterozoic-to-Neoproterozoic orogenic belts. In the case of Southern Africa, the Mesoproterozoic-to-
Neoproterozoic regions are characterized by a distinct tectonic fabric that developed during early accretion
of older cratons [Jacobs et al., 1993; Karlstrom and Humphreys, 1998]. The southwest corner of the Kaapvaal
Craton and its boundary with the Namaqua mobile belt represent such a tectonic setting with prominent
NW-SE trending thrust faults and shear zones defining the craton boundary (Figures 1 and 2). Recent work
has shown that due to thermal, compositional, and structural contrasts across the craton margin, regional
stresses and/or mantle instabilities may become focused at the craton margin and induce intraplate deforma-
tion along lithospheric-scale craton boundary faults [Lenardic et al., 2000, 2003; Guillou-Frottier et al., 2012].

In this paper we present 17 new apatite fission track (AFT) and 103 single-grain apatite (U-Th-Sm)/He (AHe) ana-
lyses from the Bushmanland Plateau. Using a Bayesian transdimensional approach to thermal history inversion
[Gallagher, 2012], temperature-time cooling paths are obtained for each sample. The thermal histories are used
to derive magnitudes of denudation and evaluate the timing and pattern of uplift and intracontinental defor-
mation across this region of the South African plateau. The new data indicate that at the structurally complex
zone at the craton margin an equally complex spatial pattern of deep erosion characterized the Late
Cretaceous, which could be explained by post-breakup deformation driving uplift and focusing denudation.

2. Geomorphology and Geology
2.1. Geomorphic Setting

The study area is located within the South African plateau and is characterized by an extensive low-relief
plain where elevations range between 800 and 1000 m in the west and 1200 and 1400 m in the east
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Figure 2. (a) Geological map of the Bushmanland Plateau. The geological map was redrawn to highlight the major geological units, structures, and features relevant
to this study, using 1:1 x 1,000,000 map produced by the Council for Geoscience, South Africa [Fourie and Cole, 1997]; (b) schematic geological cross section of the
Namaqualand Metamoprhic Province after Thomas et al. [1994]. Fault names: PS = Poffader Shear Zone; HT = Hartbees Thrust; BoS = Bouzen River Shear Zone;

BS = Brakbos Shear Zone; DT = Dabep Thrust are given in the figure (after Tankard et al. [2009] and Thomas et al. [1994]).

(Figure 1). In the northeast of the study area, the Asbestos Hills, which achieve elevations of up to
1600 m, mark the transition from the rocks of the Proterozoic Namaqua mobile belt to those of the
Archean Kaapvaal Craton. The plateau forms the hinterland to the divergent continental margins of
Southern Africa and is separated from low elevation, moderate relief coastal plains by a prominent
escarpment zone of significantly higher relief [Gilchrist et al., 1994; Brown et al., 2002; Blenkinsop and
Moore, 2013].

The Orange River, the largest catchment in South Africa and responsible for draining ~80% of the subconti-
nent, enters the study area in the southeast and exits in the west before continuing westward toward the
Atlantic Ocean (Figure 1). At the town of Douglas, the northwest trending Orange River (Figure 1) converges
with the southwest flowing Vaal River, which drains northeast South Africa. North of Prieska, the Orange River
follows the major NW-SE structural trend of the Kheis Front and, specifically, the Doringberg Lineament,
which marks the tectonic boundary between the Kaapvaal Craton and the Namaqua Belt. After continuing
on this trend for ~170 km, the Orange River meanders as it flows west through the towns of Upington and
Kakamas. The main Orange River channel includes several significant knickpoints along its course,
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particularly the 90 m Augrabies Falls [Tooth and McCarthy, 2004; Dauteuil et al., 2013; Paul et al., 2014], which is
downstream to the west of the study area. The Vaal River flows within a prominent (up to 300 m deep) NW-SE
trending valley into the Kaapvaal Craton.

The main drainage network of the Orange River has been in place from the middle-to-Late Cretaceous
[Partridge and Maud, 1987; Dollar, 1998; de Wit, 1999, 2009]. Below the Augrabies Falls, the preservation
of Pliocene, middle Miocene, and possibly Eocene river terraces indicates that there has been moderate
channel incision of the lower Orange River through the Tertiary [de Wit, 1999; Jacob et al, 1999].
Preserved middle-to-Late Cretaceous diamond bearing and fossiliferous alluvial gravels in the upper Vaal
support the antiquity of the present drainage network (Mahura Muthla channel [de Wit et al., 2009]; the
Mahura Muthla channel is proposed to have fed the Kalahari paleoriver, which exited into the Atlantic at
the present-day position of the lower Orange River and had captured the Upper Karoo River (composed
of the present-day middle and upper Orange River and Vaal River) by the end of the Cretaceous [de Wit,
1999; de Wit et al., 2009]). The preservation of these geomorphic features, as well as similar deposits in
Sundays River (southeast coast), and lacustrine deposits on Late Cretaceous intrusions in Namaqualand
and Bushmanland [Cornelissen and Verwoerd, 1975; Moore and Verwoerd, 1985; Smith, 1986; Hanson et al.,
2009; Stanley et al, 2013] suggests that regional erosion has been minimal through the Cenozoic.
Cosmogenic nuclide dating has constrained the regional erosion rates to <20 m/Myr over at least the last
1 Myr [e.g., Codilean et al., 2008, 2014; Bierman et al., 2014; Decker et al., 2011; Erlanger et al., 2012; Kounov
et al, 2015; Scharf et al., 2013].

2.2. Geological and Tectonic Setting

The Archean-Paleoproterozoic Transvaal Supergroup rocks form the basement of the Kaapvaal Craton within
the study area [Altermann and Nelson, 1998; Eriksson et al., 2006]. They were deposited in a shallow marine
environment prior to experiencing multiple deformation phases between 2500 and 1000 Ma and greenschist
facies metamorphism [Kendall et al., 2013]. An array of NW-SE to N-S trending, steeply dipping, en echelon
faults forming the Kheis Front define the structurally complex transition from the Kaapvaal Craton to the
younger Namaqua Metamorphic Province [Altermann and Halbich, 1991; Eriksson et al., 2006] (Figure 2).
These faults initially formed during the Mesoproterozoic [Eglington, 2006] and accommodated many defor-
mation events from 2 to 1 Ga [Altermann and Hdlbich, 1991]. The NW structural trend that characterizes the
southwest Kaapvaal Craton margin extends southwestward from southern Namibia and into South Africa,
where post-Triassic displacement on brittle faults is indicated by the presence of fault-bounded basement
inliers in contact with Karoo sediments [Rosendahl, 1987; Daly et al., 1989; Jelsma et al., 2009; Tankard et al.,
2009] (Figure 2).

The entire Namaqua Metamorphic Province experienced significant metamorphism over ~2000 and
1000 Ma. The main phase of metamorphism of the Namaqua Metamorphic Province was largely granulite-
facies metamorphism (T: 800-860°C and P: 5-6 kbar) and was completed by 1000-800 Ma [Waters, 1989;
Eglington, 2006]. Lithostratigraphic variations in the Namaqua Metamorphic Province define terrane subpro-
vinces and are discussed in more detail by Eglington [2006] and Cornell et al. [2006]. These terrane subpro-
vinces are bounded by major shear zones and thrust belts that are evident along the Orange River that
extend into southern Namibia (Figure 2).

The Hartbees River Thrust is the western most thrust fault in the study area and trends NW-SE before deviat-
ing E-W and running parallel to the Orange River [Colliston et al., 2015]. The generally E-W structural trend of
the western section of the study area is best represented by the Tantalite Valley shear zone, Groothoek
Thrust, and, further south, Buffels River shear zone. Within the Tantalite Valley shear zone, NNE-to-NE trend-
ing normal structures associated with transtensional stresses juxtapose basement gneisses against late
Proterozoic sediments of the overlying Nama Group [Gresse and Germs, 1993; Gresse et al., 2006]. These faults
were formed and accommodated multiple deformation phases over 1.3-1.0 Ga [Eglington, 2006; Dewey et al.,
2006; Colliston and Schoch, 20131.

Sedimentary units of the Permo-Triassic Karoo Supergroup were deposited over much of Southern Africa
in a foreland basin north of the developing Cape Fold Belt [Catuneanu et al., 2005]. In the study area,
the Karoo Supergroup unconformably overlies the basement and is represented by the Lower
Permian glacially derived Dwyka Group, the Upper Permian shallow marine sandstones and siltstones
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of the Ecca Group, and the Permo-Triassic fluvial sediments of the Beaufort Group (Figure 2) [Visser,
1989; Catuneanu et al., 2005; Johnson et al.,, 2006; Herbert and Compton, 2007; Wilson et al., 2014]. The
widespread marine sediments of the Late Permian Ecca Group provide an important stratigraphic marker
as they represent the last time that the continental interior of Southern Africa was unequivocally at
sea level.

Intrusive dolerite dykes, sills, and sheets are ubiquitous within the Karoo Basin and commonly crop out across
the study area. The intrusion of the Karoo Dolerite Suite is thought to have occurred at ~180-185 Ma [Duncan
et al,, 1997; Jourdan et al., 2005, 2007; Moulin et al., 2011; Svensen et al.,, 2012]. Mafic intrusive and extrusive
rocks of similar age are found across Southern Africa and are associated with continental flood basalt empla-
cement during continental rifting and breakup continental rifting and breakup of Eastern Gondwana [Cox,
1992; Duncan et al., 1997].

Widespread, post-Karoo, emplacement of kimberlites and alkaline intrusions occurred in two main phases at
140-120 and 100-80 Ma [e.g., Smith et al., 1994; Moore et al., 2008; Jelsma et al., 2009]. The intrusions are
thought to have been preferentially emplaced along tectonic boundaries, and their occurrence is linked to
in-plane plate motions [Moore et al., 2008; Jelsma et al., 2009; Torsvik et al., 2010] and a changing thermoche-
mical structure in the underlying mantle [Bell et al., 2003; Griffin et al., 2003; Kobussen et al., 2008]. Their pre-
servation at the surface can provide important insights into the amount of erosion since emplacement [e.g.,
Hanson et al., 2009; Stanley et al., 2013, 2015].

The Cenozoic Kalahari Group, a sequence of poorly sorted consolidated gravel and sand fill paleovalleys, sits
on the Karoo Supergroup and older basement rocks and can reach a thickness up to 210 m [Thomas and
Shaw, 1990] (Figure 2). However, the timing of the development of the Kalahari Basin and subsequent sedi-
ment infill remains uncertain due to the absence of direct dating of the sediments [Haddon and
McCarthy, 2005].

2.3. Evidence for Discrete Post-breakup Tectonic Activity

Due to the lack of suitable stratigraphic information across the study area, constraining fault reactivation of
major faults during the Late Mesozoic and Cenozoic is challenging. The majority of structures mapped at the
1:1,000,000 scale are confined to the Namaqua Metamorphic Province where they define terrane boundaries
and lithological discontinuities (Figure 2). Exceptions to this are the southern extents of the Brakbos and
Doringberg faults, which displace Proterozoic basement against Carboniferous-Permian Dwyka Group rocks.
SW of Douglas, a fault is also mapped which displaces Archean Transvaal Supergroup rocks against Dwyka
Group rocks. Post-Permian fault reactivation is therefore unrelated to terrane accretion or Pan-African
Orogenic activity.

Geological evidence for Mesozoic tectonic activity in southern Namibia is found in sporadic examples of
Karoo Dolerite Suite rocks with a faulted contact with Dwyka Group, Nama Group, and/or Namaqua
Metamorphic Province rocks [Stollhofen et al, 1998]. Fault-dissected Karoo dolerites suggest tectonic
activity less than 180 Ma old. Two phases of extension during the Cenozoic are advocated by Mvondo
et al. [2011]. N-S grabens that shape the lower Fish River Canyon are ascribed to E-W extension in the
late Eocene and NE-SW grabens shaping the upper Fish River Canyon due to younger NW-SE extension
in the Plio-Pleistocene [Mvondo et al., 2011]. However, there are no quantitative constraints on the age of
the African surface, which is used to constrain the timing of faulting. In NW Namibia, Late Mesozoic tec-
tonics is constrained by the preservation of Early Cretaceous Etendeka volcanic rocks in coast-parallel half
grabens [Raab et al.,, 2002; Brown et al., 2014; Salomon et al., 2015]. These grabens are bound by NNW-
SSE trending normal faults, which displace Etendeka lavas against Namaqua Metamorphic Province base-
ment [Brown et al., 2014; Salomon et al., 2015]. Further evidence is provided by syntectonic conglomerate
units composed of Etendeka volcanic material that dip to the east into a westerly dipping normal fault
[Ward and Martin, 1987].

These NW Namibian examples indicate that localized faulting has occurred onshore after 130 Ma.
However, as with the previously described examples, no well-dated younger stratigraphic constraints
are available. We have shown previously, using combined AFT and AHe analysis, that post-breakup tec-
tonic reactivation of brittle faults occurred during the middle-to-Late Cretaceous well inland along the
Namaqualand sector of Atlantic margin in South Africa [Wildman et al., 2015, 2016]. These studies lend
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Table 1. Results of Apatite Fission Track Analysis

Sample  Long.() Lat.() Elev.(m) p(10°em ) NS pP(10°ecm ) NP p(10°em D) N PUAS %) Dpa (um)  [UI° (ppm)
FS1605 2220 2922 843 5.7 400 12.1 845 16.5 13142 995 207 10.1
GGO2 2030 2836 846 213 2174 68.8 7023 200 13142 02 175 485
PRU106 1952 2848 783 192 1092 823 4672 217 13142 57 176 515
$-25 2608 2952 1450 10 911 14 1239 1.0 4441 194 - 260
SA12:05 2370 —29.15 1007 43 249 135 777 16.7 16348 456 2.02 119
SA12:06b 2314 —2954 1068 7.4 537 187 1362 156 16348 35 197 16.1
SA12-08 2231 2952 1039 19 195 44 465 155 16348  99.7 153 39
SA12:09 2212 —2940 995 58 535 124 1150 154 16348  94.0 244 13
SA12-10 2194 —2936 1075 4.0 151 12,0 449 16.6 16438  22.1 177 9.2
SA12-11 2194 2924 1057 22 122 9.4 526 16.1 16348  62.7 4.96 7.7
SA12-12 2163 —2930 981 103 930 29.1 2631 152 16348 127 238 25.1
SA12-13a 2147 —2928 962 9.1 787 253 2190 15.1 16348 7.8 244 223
SA12-14 2115 —2935 797 6.2 1013 155 2553 149 16348 00 2.87 139
SA12-15 2098 2942 884 5.7 305 23.1 1237 166 16348 502 169 19.5
SA12-19b 1953 —2934 1034 7.7 994 16.9 2183 138 16086 9.9 163 17.2
SR-17 2525 2713 1300 22 2637 12 1553 11 5540 38.7 149
V-10 2642 —2663 1400 04 1300 04 655 12 5540 9.7 48

p, s,d are track density of induced, spontaneous, dosimeter tracks.
NI s,d are the number of induced, spontaneous, and dosimeter tracks counted.
P value of the chi-square age homogeneity test [Galbraith, 2010].

Dpar measurements are etch pit diameters used as a proxy for the influence of chemical composition on track annealing [Donelick et al., 2005]. Between three

and five D5y measurements were measured for each dated single grain.
€Uranium content estimated by using EDM.

fcentral AFT ages calculated with TrackKey [Dunkl, 2002] with 1o standard error. Ages were calculated by using a { =316.7+10.5 (317.3+ 11.1 for samples

PRU106, FS1605, and GGO2) for a standard IRMM540 glass.

9Dispersion is the standard deviation of the true single-grain ages as a percentage of their central age [Galbraith, 2010].

~SD is the standard deviation of measured horizontal confined track lengths.

'Mean track lengths after individual track length measurements are corrected for their orientation to the c axis after Ketcham [2005].
INumber of measured horizontal confined tracks (HCTs). Analytical details can be found in Text S1. Details on sample lithology can be found Table S7.

further support to earlier thermochronology [Gallagher and Brown, 1997; Kounov et al., 2009] and struc-
tural investigations [Viola et al, 2012] that advocate significant post-rift tectonic activity in the
Namaqualand region. Seismic activity indicates that the tectonic boundary between the Kaapvaal
Craton and Namaqua Metamorphic Province mobile belt remains active [Tankard et al., 2009]. Post-rift
tectonic activity is well documented for the offshore margin. Seismic reflection data from the Orange,
Luderitz, and Walvis Basins, adjacent to the South African and Namibian continental margins, clearly
indicate regional deformation in the Upper Cretaceous sequences and segmentation of the margin by
faults, which can be traced onshore [Dingle et al., 1983; Clemson et al., 1997; Viola et al., 2005; de Vera

et al., 2010].

3. Apatite Fission Track and (U-Th-Sm)/He Analysis

In apatite, annealing of damage trails from the spontaneous fission of U and retention of He from the alpha
decay of U, Th, and Sm as the crystal cools through temperatures of 120 to 40°C in the upper crust enable
apatite fission track and apatite (U-Th-Sm)/He analysis to constrain denudation-driven exhumation over mil-

lion year timescales [Lisker et al., 2009].

Spontaneous fission tracks form in apatite with an initial etchable length of ~16 + 1 um [Green et al., 1986].
Fission tracks anneal primarily as a function of temperature such that, at temperatures hotter than 110
+10°C, tracks are entirely annealed and temperatures cooler than 60°C track annealing is minimal [Green
et al,, 1985]. The intervening temperature range is termed as the partial annealing zone where annealing rate
is inversely proportional to temperature [Gleadow and Fitzgerald, 1987]. Apatite composition (particularly F,
Cl, and OH substitution) can also influence the annealing rate of tracks [Carlson et al., 1999]. By measuring
the spontaneous track density of 238U in a sample relative to the induced track density of 2>°U in a mica exter-
nal detector, a fission track age can be obtained. Age data can be combined with length measurements of
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Table 1. (continued)

Measured ¢ Axis Correction'

sample C. AFT Age (Ma)f +1o Disp.9 (%) #Xtls MTL (um) +1o sph MTL (um) +1o sp" #HCT
FS1605 1228 7.5 0 20 12.87 025 2.00 1438 0.28 135 63
GGO2 96.6 36 12 20 12.89 0.15 1.55 13.98 0.16 112 100
PRU 106 78.1 34 14 19 1033 0.24 219 12.83 030 117 80
$-25 1287 63 8 20 1332 025 198 64
SA12-05 83.9 6.7 13 20 13.37 051 2.10 14.59 0.56 144 17
SA12-06b 97.7 6.5 18 18 13.43 0.12 126 14.65 0.13 0.85 51
SA12-08 102.1 8.7 0 20 13.32 030 1.85 14,68 033 0.96 39
SA12-09 1125 59 0 22 13.98 0.19 144 15.03 020 092 57
SA12-10 89.0 10.0 21 12 13.98 0.54 161 15.03 0.58 1.09 9
SA12-11 58.9 59 0 16 13.25 0.47 183 14.29 0.51 123 15
SA12-12 85.4 3.8 10 22 13.84 0.14 123 14.86 0.15 091 78
SA12-13a 85.7 44 12 20 14.29 0.12 117 15.23 0.13 0.77 89
SA12-14 93.4 55 20 20 13.28 0.19 133 14,52 021 094 81
SA12-15 64.5 4.1 0 22 13.52 034 138 1439 036 1.03 17
SA12-19b 97.0 46 12 21 13.55 0.15 138 14.74 0.16 0.89 126
SR-17 331.0 1 2 20 11.92 0.19 1.91 100
V-10 379.0 23 14 20 12.48 025 1.55 39

horizontal tracks beneath the polished surface to reveal information on both the timing and rate of sample
cooling [Gallagher et al., 1998].

Defining a nominal closure temperature for the apatite (U-Th-Sm)/He dating system has proven to be chal-
lenging [Fitzgerald et al., 2006]. Depending on the size of the apatite crystal (i.e., the diffusion domain) and
the amount of accumulated radiation damage, the temperature range between total retention of helium
and complete diffusive loss of helium can vary from 40 to 120°C [Gautheron et al., 2013]. Depending on
the cooling history through this partial retention zone, variations in closure temperature can result in intra-
sample single-grain AHe ages being significantly dispersed [Brown et al., 2013]. To understand the controls
on AHe age dispersion and the information this can yield on the thermal history of the sample, multiple
single-grain aliquots are typically measured.

3.1. Apatite Fission Track Analysis

The external detector method [e.g., Hurford and Green, 1982; Green et al., 1989; Donelick et al., 2005] (Text S1
in the supporting information) was used to obtain AFT data from 17 samples collected across the
Southwest Africa plateau (Table 1). The main transect extends west from Douglas to Pofadder cutting
across and beyond the major NW-SE trending structures (e.g., Doringberg and Hartbees thrust faults).
Central AFT ages range from 58.9+5.9 to 379.0 + 23.0 Ma with more than half of the sample ages being
Late Cretaceous (i.e., 110-70 Ma). Mean track lengths (MTLs) within samples range from 10.33+0.24 to
14.29+0.12 pm with the standard deviation of track length measurements ranging from 1.17 to 2.19 (see
Figure S2 for TLDs).

The 17 samples analyzed across the study area provided a good number of grains suitable for AFT
dating (n > 17 for 15 samples), each with moderate-to-high track density. Radial plots for all 17 samples
can be found in Figure S3 and highlight the dispersion on single-grain ages. Three samples (GGO2,
SA12-06, and SA12-14) fail the chi-square homogeneity test (i.e., P(X2)<0.05); however, single-grain
age dispersion for these samples is <20% and is therefore not considered to be significantly overdis-
persed. To robustly interpret the significance of the AFT age in terms of the samples’ thermal history,
the track length distribution, compositional kinetic parameters for the sample must also be taken
into account.

The relationship between AFT ages and MTLs plotted in Figure 3 clearly shows that Cretaceous ages are
associated with relatively long mean track lengths (i.e, > 13 um) and older ages (>300Ma) associated
with shorter MTLs. Although relatively few data points record old AFT ages, the data set implies that
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Figure 3. Plot of AFT age against mean track length. AFT ages are Central annealing and range from 1.53+0.2
AFT ages with 1o standard error. MTLs are corrected for their ¢ axis orienta-  t0 4.96+0.7 um. Anisotropic anneal-
tion after Ketcham [2005] and also plotted with 1o standard error. ing and etching of tracks are

addressed by measuring the angle
that horizontal track lengths make with the ¢ axis of the analyzed grain. The influence these effects have
on the fission track age and length data is taken into account during thermal history modeling (see
section 4). Track length distributions are typically symmetrical or, in rare cases, negatively skewed. The major-
ity of mean track length standard deviation values are less than 2, which is indicative of most samples having
fairly narrow to moderately broad track length distributions.

3.2. Apatite (U-Th-Sm)/He Analysis

Twelve samples were dated by using single-grain apatite (U-Th-Sm)/He analysis (Table 2). The analytical
details can be found in Text S1. The number of single grains analyzed for each sample ranges from 2 to
18. The interaction between alpha ejection, radiation damage effects, and He diffusion remains poorly
understood, and depending on the thermal history, which is not known from the outset, a single F; cor-
rection factor may overcorrect AHe ages that have lost He predominantly through diffusion [Farley et al.,
1996; Meesters and Dunai, 2002a, 2002b; Herman et al., 2007; Spiegel et al., 2009; Gautheron et al., 2012;
Wildman et al., 2015]. For this reason, we have chosen to quote raw uncorrected, AHe ages and deal
with the effect of alpha ejection during each time step of the thermal history inversion modeling
approach [e.g., Meesters and Dunai, 2002a, 2002b]. AHe ages corrected by using an F; correction factor
[Farley et al, 1996] are given in Table 2. Mean uncorrected AHe ages for Dwyka Group and Paleozoic
samples range from 255+14.6 to 173.7+959Ma. The oldest single-grain age of 333.2+37.7Ma is
obtained from sample FS1605, while the youngest of 16.6+ 1.8 Ma is from SA12-11. The two Archean
craton samples V-10 and SR-17 have mean AHe ages of 331.0+112.8 and 319.0+128.2, respectively.
The intrasample grain age dispersion associated with these samples is large ranging between 19%
and 55%.

AHe ages are subject to variation due to the thermal history the sample has experienced. However, the eU
content (as a proxy for radiation damage), grain size, and crystal fragmentation act to compound and
enhance single-grain AHe age dispersion [Reiners and Farley, 2001; Fitzgerald et al., 2006; Flowers et al.,
2009; Gautheron et al., 2009; Brown et al.,, 2013]. Simple 2-D correlations between these properties and
single-grain AHe age have been advocated as a means to qualitatively infer thermal history information
[Reiners and Farley, 2001; Fitzgerald et al., 2006; Flowers et al., 2009; Gautheron et al., 2009]; however, the com-
bined effects of these dispersion inducing factors can disrupt expected 2-D relationships (Figure 4c) [Brown
et al., 2013; Beucher et al., 2013; Wildman et al., 2016]. Our data do not show any strong positive age-grain size
or age-eU relationships, which can be attributed to the combined effects of eU, grain radius, and potentially
other unknown factors that are contributing to single-grain AHe age dispersion and disrupting simple corre-
lations (Figures 4a and 4b; see Figure S4 for additional plots). Despite samples exhibiting overdispersed AHe
ages, all mean AHe ages are within 1o error of their corresponding central AFT age (Figure 4d). Neither AFT
nor AHe sample ages can be simply interpreted at face value, so it is necessary to utilize an appropriate ther-
mal history inversion approach that will account for both the observed data, their associated uncertainties,
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